Objective: Alcohol and cannabis misuse are related to impaired cognition. When inferring causality, four nonexclusive theoretical models can account for this association: 1) a common underlying vulnerability model; 2) a neuroplasticity model in which impairment is concurrent with changes in substance use but temporary because of neuroplastic brain processes that restore function; 3) a neurotoxicity model of long-term impairment consequential to substance use; and 4) a developmental sensitivity hypothesis of age-specific effects. Using a developmentally sensitive design, the authors investigated relationships between year-to-year changes in substance use and cognitive development.
Objective: Alcohol and cannabis misuse are related to impaired cognition. When inferring causality, four nonexclusive theoretical models can account for this association: 1) a common underlying vulnerability model; 2) a neuroplasticity model in which impairment is concurrent with changes in substance use but temporary because of neuroplastic brain processes that restore function; 3) a neurotoxicity model of long-term impairment consequential to substance use; and 4) a developmental sensitivity hypothesis of age-specific effects. Using a developmentally sensitive design, the authors investigated relationships between year-to-year changes in substance use and cognitive development.
Method: A population-based sample of 3,826 seventhgrade students from 31 schools consisting of 5% of all students entering high school in 2012 and 2013 in the Greater Montreal region were assessed annually for 4 years on alcohol and cannabis use, recall memory, perceptual reasoning, inhibition, and working memory, using school-based computerized assessments. Multilevel regression models, performed separately for each substance, were used to simultaneously test vulnerability (between-subject) and concurrent and lagged within-subject effects on each cognitive domain.
Results: Common vulnerability effects were detected for cannabis and alcohol on all domains. Cannabis use, but not alcohol consumption, showed lagged (neurotoxic) effects on inhibitory control and working memory and concurrent effects on delayed memory recall and perceptual reasoning (with some evidence of developmental sensitivity). Cannabis effects were independent of any alcohol effects.
Conclusions:
Beyond the role of cognition in vulnerability to substance use, the concurrent and lasting effects of adolescent cannabis use can be observed on important cognitive functions and appear to be more pronounced than those observed for alcohol. Beyond their acute effects, alcohol and cannabis misuse have been associated with impairments in learning, decision making, and cognitive functioning as well as lower academic performance (1) . Meta-analyses have linked cannabis use to poor cognition in the domains of learning, memory, attention, and working memory (2) , and regular and heavy alcohol use to poor verbal fluency, processing speed, episodic and working memory, attention, executive functions, inhibition/impulsivity, and visuospatial abilities (3). These effects have been shown in adults and adolescents (2) (3) (4) (5) (6) (7) (8) . Studies also suggest that impairments in some of these domains persist (e.g., IQ, working memory, inhibition, and others) (3, 4) , whereas other domains recover as consumption changes (e.g., processing speed, recall memory, attention, and others) (3, 5) . Imaging studies in adolescent substance users also indicate smaller volumes (9) in brain regions responsible for these cognitive functions, such as the prefrontal cortex and the left hippocampus. What has yet to be established in the literature is the extent to which such cognitive impairments represent an underlying vulnerability to misusing substances or are a direct consequence of substance use or misuse.
The literature investigating the relationship between adolescent substance use and brain functions is mixed (3-8, 10, 11) and may depend on how childhood cognitive deficits that exist before the onset of substance use are accounted for in such analyses (12, 13) . Few studies have investigated the relationship between cognitive functions and substance use repeatedly over time; most studies simply test differences in cognition at one time point and again after a given follow-up interval. Even fewer studies have considered the continuum of substance use behavior, and studies tend to compare nonusers to occasional or problematic users. It is important that new large-scale studies incorporate developmentally sensitive designs that model the impact of year-to-year changes in substance use on age-related changes in cognition.
In the absence of experimental designs, large-scale longitudinal designs with multiple repeated assessments provide an opportunity to explore inferences about causality between two variables by examining how changes in one domain are related to changes in another over time. As depicted in Figure 1 , computational models can test the extent to which changes in one behavior lead to concurrent or lasting changes in another (e.g., after an increase in substance use subsides), but such models require large prospective data sets. To our knowledge, few data sets have been available that might allow dissociation of antecedent cognitive risk factors from the consequences of substance misuse on adolescent cognitive development from this perspective.
Using this multivariate, multilevel framework, the association between substance use and cognition can be investigated with respect to four theoretical hypotheses, also shown in Figure 1 . Recognizing that cognitive factors are also implicated in risk for early-onset substance use (17), we hypothesized that working memory and response inhibition (two executive functions of the frontal lobes) would be associated with overall risk for early onset and heavier substance use generally (the vulnerability hypothesis). Consistent with previous research suggesting a relationship between adolescent binge drinking and cognitive functions (7), we hypothesized that further increases in alcohol consumption would predict impaired spatial working memory, recall memory, perceptual reasoning, and inhibition, over and above common vulnerability. The literature also suggests that effects of heavy alcohol consumption on memory recover over time (3) . We therefore hypothesized that the relationship between alcohol use and memory functions could be accounted for by common vulnerability and neuroplasticity hypotheses.
The effects of cannabis use should also conform to a vulnerability hypothesis, particularly with respect to inhibitory function (1), but additional cognitive consequences of adolescent cannabis use are hypothesized on measures of memory function and general IQ, such as perceptual reasoning (7, 18) . Considering results from animal studies showing that chronic administration of THC causes dosedependent neurotoxic changes in brain regions that are rich in cannabinoid receptors, such as the hippocampus, amygdala, septum, and cortex (17) , and that abnormalities in hippocampal and temporal structures seem particularly linked to human cannabis use (16), we hypothesized that additional visual-spatial memory deficits will be consequential to cannabis use in adolescence, where both neuroplasticity and neurotoxicity models are considered, as the literature relating to the degree to which these effects last beyond the consumption period in humans remains inconclusive. A fourth model will also be tested-the developmental sensitivity model, informed by current neurodevelopmental theories (19) suggesting that cognitive functions linked to the prefrontal cortex (executive cognitive functions such as working memory, response inhibition, and perceptual reasoning) should show age-dependent effects, with earlier onset of substance use being linked to greater impairment.
Using data from a large longitudinal study of adolescents assessed repeatedly on substance use and cognitive functions through the critical developmental period when substance use onset and brain maturation overlap, this study represents a unique opportunity to study the effects of cannabis and alcohol on various cognitive domains with enough power to model the complex nature of these relationships. Results from this highly conservative analysis may help guide drug policy. Results supporting neuroplastic or neurotoxic effects of substance use on adolescent cognitive development may help in advocating for more investment in evidence-based preventive interventions, which currently represent a small fraction of the societal costs resulting from substance abuse in Western societies (20) .
METHOD

Participants
We used data from the Co-Venture trial (21) , a longitudinal population-based randomized controlled trial assessing the 5-year efficacy of a personality-targeted drug and alcohol prevention program named Preventure. A total of 3,826 seventh-graders (47% female; mean age, 12.7 years [SD=0.5]; a This multilevel computational method tests between-subject differences at one level and then various within-subject processes at a second level, allowing for the investigation of concurrent and time-lagged relationships between sets of variables. Cognitive performance (Cog) and substance use (Sub) were measured at four time points (time 1 represents assessment in the 7th grade, time 2 in 8th grade, and so on). The first hypothesis proposes an underlying cognitive vulnerability that might contribute to early-onset substance use and the likelihood of continued and heavy use over time (green arrow) (14, 15) . Three within-subject effects reflect processes that are consequential to substance use. The neurotoxicity hypothesis suggests that past substance use causes impairment in cognitive function in some lasting way, regardless of whether the substance use continues (blue arrows) (16) . The neuroplasticity hypothesis suggests that consumption is associated with impaired cognitive performance, but only in the short term, and that through mechanisms of neuroplasticity, abstinence, or reduction in consumption, the cognitive impairment subsides (hashed lines). Finally, in the developmental sensitivity hypothesis, substance use at a critical period in development will lead to neurotoxicity, depending on the neuromaturational state of the particular brain region (with larger neurotoxicity or neuroplasticity effects at earlier times than at later times).
58% of European origin) were recruited from 31 schools in the Montreal area. This school sample of adolescents, studied annually from seventh grade through 11th grade, is epidemiologically representative of each of its respective school districts with respect to average size and socioeconomic index. The sample of participating schools represents 15% of all schools across all school districts of the Greater Montreal area. The study sampled, on average, 76% of all seventh-grade students in these schools, suggesting that the cohort included 6.0%211.4% of the entire population of seventh-grade students of the Greater Montreal area in 2012 and 2013. Only two school-level exclusion criteria were specified: the school had to agree to the study protocol, including randomization and 5-year school-based follow-up, and the school could not have more than 50% of its seventh-grade students having official educational codes that indicate special learning needs. Participating schools were randomly assigned either to deliver the Preventure program to seventh-grade highrisk adolescents or to deliver the program to subsequent seventh-grade cohorts 3 years later. There were no exclusion criteria specified for students, other than being able to provide informed assent and parental consent. All participating seventh-grade students in September 2012 or 2013 completed a confidential annual web-based survey during class time (from grades seven through 10) to assess cognition and substance use. Confidentiality was assured by emphasizing that parents and teachers would not have access to survey results and by automatically anonymizing assessments. Ethical approval was obtained from the Sainte-Justine Hospital Ethics Committee in Montreal. Depending on the school, either passive or active parental consent was obtained.
The quality and reliability of the data were evaluated using automated algorithms assessing valid response ranges on cognitive tasks and a sham drug item on substance use self-reports. All participants who consented to the study were included in the analysis if 75% of their data across all items and assessment points were considered complete and reliable. Among the 3,826 adolescents who consented to participate, 3,659 (95.6%) passed the data quality control requirements while also providing the required minimal demographic information (sex and socioeconomic status). Attrition was not predicted by any covariates (sex, p=0.43; socioeconomic status, p=0.88). While the intervention delivered in this trial is expected to have an impact on substance use behavior, there is no reason to expect that the intervention will have an impact on how substance use behavior will subsequently affect cognitive functions, so all participants, regardless of intervention exposure, were included in the analysis.
Predictors
Alcohol and cannabis use were assessed using the Detection of Alcohol and Drug Problems in Adolescents questionnaire (14) . Once a year for 4 consecutive years, participants rated their consumption frequency on a 6-point scale (0=never, 5=every day) for each named substance, and for alcohol specifically, they provided the typical number of drinks consumed when they drink alcohol. No quantity measure was used for cannabis, as cannabis quantity assessment remains a challenge in the field (15) . Three variables were extracted at each time point: alcohol use frequency, typical quantity of alcohol intake on a typical drinking occasion, and cannabis use frequency. Alcohol consumption frequency and quantity were multiplied at each time point to create a quantity3 frequency variable for each of the 4 years of measurement. This variable is sensitive to differences in dose and frequency of consumption, thereby distinguishing frequent light drinkers from frequent heavy drinkers (22) . When self-report measures are used in a context that guarantees confidentiality, they are considered more accurate than collateral reports or biologic measures of adolescent substance use because they are better at capturing the episodic and illicit nature of adolescent substance use (23, 24) . All participants in this study agreed that parents and school staff would not have access to self-report information unless such information indicated imminent risk of harm. Consumption distributions are summarized in Table 1 . Outcomes All tasks are described in more detail in the study protocol, which has been published elsewhere (21) . Spatial working memory was measured with the "find the phone" task, based on the self-order pointing task (25) and the spatial working memory subtest in the Cambridge Neuropsychological Test Automated Battery. Delayed recall memory was assessed with a computerized task based on the dot location test of the Child Memory Scales (26) . Participants are asked to reproduce a previously learned pattern of stimuli 30 minutes later. Perceptual reasoning was assessed using a selection of items from the Cattell's Culture Fair Intelligence Test. Participants completed a sequence of puzzles of progressively increasing difficulty. This nine-item task correlates highly with Raven's 60-item perceptual reasoning matrices (27) .
Inhibitory control was measured using the passive avoidance learning paradigm (28, 29) . Participants learn by trial and error to respond to "good" numbers and to withhold responses to "bad" numbers by experiencing rewards to correct presses or omissions and punishments to incorrect presses or omissions. This measure has been used in past research and is correlated with other measures of inhibition and with prefrontal cortical activation during other go/nogo tasks (30) .
Covariates Baseline socioeconomic status was controlled for with the Family Affluence Scale (31). Analyses also controlled for selfreported gender. Additional potential confounding variables were investigated in sensitivity analyses, including an estimate of ethnicity (assessed on the basis of child-reported country of origin of the child and parents) and family intactness (living with both biological parents [69% of the sample], or not).
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Statistical Analysis
Multilevel linear models assessed the influence of cannabis (frequency) and alcohol (quantity3frequency) consumption on four domains of cognition. Three multilevel linear models were applied: one for cannabis, one for alcohol, and one combining alcohol and cannabis. The time parameter was coded as wave. Predictors were person-mean centered. Normality and homoscedasticity of residuals were examined for each step of the models. For all three analyses, a first model estimated the intercept and time parameters and a second model evaluated the contribution of three predictors: average use over 4 years (between-subject differences in consumption), change in use this year compared with the participant's mean use (within-subject difference in consumption), and substance use the year before compared with the participant's mean use (lagged within-subject difference in consumption). A final model added interaction parameters: interaction of time by average use over 4 years, interaction of time by change in use this year compared with the participant's mean use, and interaction of time by substance use the year before compared with the participant's mean use. Effects of between-subject differences were interpreted as a common vulnerability between consumption and poor neurocognitive performance. Within-subject effects (increased consumption that year) were interpreted as neuroplastic effects, and time-lagged withinsubject effects (consumption last year) were interpreted as neurotoxic effects. The most parsimonious of three iterative steps for each analysis was identified using the likelihood ratio test. Only effects revealed to be significant in the most parsimonious model were interpreted. Missing data on the main variables were handled through full information maximum likelihood. School was included as a cluster-level variable. As a sensitivity analysis, and to ensure the robustness of our results, all models were reestimated excluding users at the first year to focus only on those who started substance use later.
The intraclass correlation coefficient (ICC) function from the psych package in the R statistical environment was used to estimate the within-subject stability of cognitive data over time; intraclass correlation coefficients were 0.74 for working memory, 0.80 for perceptual reasoning, 0.58 for delayed memory recall, and 0.68 for response inhibition. Table 2 presents results for the cannabis models. The first model indicated that average frequency of cannabis use over 4 years (between-subject differences) predicted lower performance on working memory (b=0.51, SE=0.25, p=0.04), perceptual reasoning (b=20.25, SE=0.08, p=0.001), and inhibition (b=1.19, SE=0.48, p,0.01) over the same time period. Over and above the significant between-subject effects, a significant within-subject effect showed that any further increase in cannabis use frequency was associated with impairment in delayed recall memory in the same year (b= 20.14, SE=0.05, p,0.01). A significant within-subject lagged effect revealed that any further increases in cannabis use frequency predicted further impairment on the inhibition task 1 year later (b=1.05, SE=0.41, p=0.01). Similar, but marginal, cannabis lagged effects were revealed for working memory (b=0.36, SE=0.19, p=0.06).
RESULTS
Cannabis Models
Including interactions with time improved model fit only for the perceptual reasoning model and revealed a time-bywithin-subject interaction, suggesting stronger within-subject, or concurrent, effects (b=20.66, SE=0.22, p,0.003) in early adolescence than in late adolescence (b=0.16, SE=0.07, p=0.03). Sensitivity analysis focusing on participants who were drug and alcohol naive at the first assessment showed the same pattern of results. Table 3 presents results for the alcohol models. The first model indicated that average quantity3frequency of alcohol consumption over 4 years was related to lower spatial working memory performance (b=0.09, SE=0.05, p,0.05), lower perceptual reasoning scores (b=20.06, SE=0.02, p,0.01), and more errors on the inhibitory control task (b=0.27, SE=0.09, p,0.01) over the same time period, which is consistent with a common vulnerability hypothesis between these cognitive domains and alcohol use. No within-subject alcohol effects reached significance for any of the cognitive domains studied. Because the model including time interactions did not significantly improve model fit, no interaction terms are interpreted.
Alcohol Models
Combined Alcohol-Cannabis Model Table 4 presents an integrated model accounting for the effect of alcohol and cannabis simultaneously. Specific between-subject effects were revealed for alcohol and perceptual reasoning (b=20.04, SE=0.02, p=0.03). No withinsubject effects of alcohol were detected in the combined model. Specific between-subject effects were also revealed for cannabis and inhibitory control (b=1.48, SE=0.57, p,0.01). Lagged within-subject effects showed that cannabis use frequency in a given year further predicted lower performance on the inhibitory control task a year later (b=1.18, SE=0.44, p,0.01) and marginally predicted working memory performance a year later (b=0.36, SE=0.21, p,0.09), over and above changes in alcohol consumption. Increases in cannabis use frequency in a given year were also related to lower scores on the delayed recall memory task in that same year (b=20.13, SE=0.05, p=0.01).
DISCUSSION
Vulnerability Model
Cannabis and alcohol models yielded evidence in favor of common vulnerability: individuals more likely to use cannabis or alcohol showed lower working memory, perceptual reasoning, and inhibitory control. These findings are in line with previous research (1, 3, 13, 28) . In the combined model, our results suggest that the common vulnerability between working memory and cannabis was not significant over and above alcohol use and vice versa, suggesting that poor working memory could constitute a nonspecific common vulnerability to substance misuse in adolescence (3, 13) . Novel findings were those suggesting a common vulnerability process that is specific to low perceptual reasoning and alcohol ajp in Advance ajp.psychiatryonline.org 5 consumption and a common vulnerability that is specific to cannabis and poor inhibitory control.
Neuroplasticity Hypothesis
Our results suggest neuroplastic (concurrent) effects of cannabis and, contrary to our hypotheses, did not reveal such effects for alcohol. Over and above the effect of being prone to cannabis use during adolescence, when increases in cannabis use frequency were observed in a given year, reductions in delayed recall memory and perceptual reasoning were observed in that same year, and these effects were independent of any changes in alcohol quantity3frequency. The transient effects of cannabis on episodic memory have been reported in animal (32) and human studies investigating long-term cognitive outcomes of cannabis-exposed subjects who later achieved abstinence (4). The ability to encode and retrieve memories is regulated by the circuitry of the medial-temporal lobe, including the hippocampus, which is rich in endocannabinoid receptors (17) .
Neurotoxicity Hypothesis
Findings were also consistent with a lasting, or neurotoxic, effect of cannabis on two domains of cognition: inhibitory control and working memory. This study showed that cannabis use in a given year was associated with impaired inhibitory control and working memory 1 year later, over and above any common vulnerability. As reviewed by Volkow et al. (2) , two meta-analyses summarizing case-control studies comparing users, nonusers, and former users suggest small but broad effects of cannabis on cognitive functioning. Moreover, a longitudinal analysis of adolescent cannabis users reported long-term effects of early onset and persistent cannabis use on measures of executive functioning, verbal IQ, and decision making (18) . Functional imaging studies have also shown that adolescent cannabis users show abnormal prefrontal cortex activation during a working memory task and altered patterns of functional connectivity in frontotemporal networks (7) . Working memory and response inhibition critically involve a network linking the prefrontal cortex to the posterior parietal cortex and the striatum, and animal studies indicate that the acute effects of cannabis on working memory are mediated through CB1 receptors in the prefrontal cortex and hippocampus (33) . Considering that at least one experimental study with animals failed to demonstrate lasting working memory impairments following adolescent exposure to cannabis (32) and the fact that our analyses revealed marginal lagged effects for working memory, it will be important to further explore the nature of the long-term relationship between cannabis and working memory. One possibility worth exploring with available human data is whether these mild effects on working memory may be secondary to the effects of cannabis on other cognitive processes. In this study, relationships between adolescent cannabis use and response inhibition were robust and consistent with both common vulnerability and neurotoxicity hypotheses. Youths and adults with heavy substance use patterns have been shown to differ from age-and sex-matched control subjects on cognitive, behavioral, and neural measures of disinhibition (12, 13) . Longitudinal studies also confirm that some differences exist prior to onset of substance use (28) . Our results suggest that poor response inhibition is both implicated in vulnerability to early-onset cannabis use specifically (between-subject effects) and consequential to increases in cannabis use. The novel findings resulting from this study are that changes in response inhibition following onset of cannabis use appear to be specific to cannabis and long lasting. These lasting neurotoxic effects could explain why earlyonset substance use is so critically involved in future risk for addiction, as poor response inhibition and its neural correlates have been consistently identified as key risk factors for initiation and maintenance of substance use (30, 34) .
Developmental sensitivity. To investigate whether exposure to substances at earlier ages was associated with more severe impairment, we examined the interaction between each of these potential effects and the quadratic effect of time and did not find evidence of developmental sensitivity on three of the four cognitive domains. By contrast, as illustrated in Figure 2 , the between-subject and concurrent within-subject relationships between cannabis and perceptional reasoning were more pronounced at earlier stages of adolescent development, indicating that early-onset users are more impaired on perceptual reasoning and the additional effect of their cannabis use in a given year is particularly harmful to their perceptual reasoning abilities during the early adolescent period.
Relevance
The results of this highly conservative and sensitive analysis demonstrate that cannabis is associated with more concurrent and long-term consequences on adolescent cognitive functions than alcohol, even when accounting for the effects of both substances within a single model and any potential underlying common vulnerability to all sets of problems. While previous twin studies (35) examined effects of cannabis on general IQ and only found evidence in favor of a common vulnerability hypothesis, our study was uniquely designed and powered to test year-by-year changes in cognition and substance use, and it was likely more sensitive to within-subject processes. Levels of cannabis use in this sample were low and infrequent (although 76 daily cannabis users were detected at the fourth annual assessment), but analyses nevertheless detected cognitive changes that were consequential to small increases in cannabis use. No such effects were detected for alcohol. It will be important to conduct similar analyses with this cohort or similar cohorts as they transition to young adulthood, when alcohol and cannabis use become more severe. This might be particularly relevant for alcohol effects: while the acute effects of alcohol on response inhibition, working memory, and episodic memory are clearly established, the neurotoxic effects on working memory may be observable only after binge drinking (36) , in female drinkers (37) , or in older drinking populations (38) .
Limitations
Quantity or dose of cannabis exposure could not be assessed in this study, which is not unique to the present sample (15) . It is expected that as legal and regulated cannabis markets emerge in North America, youths will eventually be able to refer to their consumption in terms of standard units in the way that alcohol quantity was assessed in this study. Furthermore, while all assessments of cognitive function took place in a school classroom setting under close supervision by research staff, which speaks to the ecological validity of the cognitive data collected, it would be important to link these results to standardized high school leaving examination scores and other meaningful academic outcomes as this cohort transitions to young adulthood. Finally, it will be important to investigate these findings in interaction with important demographic variables, such as gender and ethnicity, as this study was not designed to rigorously investigate such effects. In summary, this study uniquely contributes to an emerging literature on neurocognitive consequences of alcohol and cannabis use by investigating relationships between year-to-year changes in substance use and cognitive development in a population-based sample of adolescents and by accounting for multilevel effects. In a context where policies and attitudes regarding substance use are being reconsidered, this research may contribute by highlighting the importance of protecting youths from adverse effects of consumption, particularly those substances that appear to have effects consistent with the neurotoxicity hypothesis (39) . 
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